Aim: To evaluate the pharmacodynamics of lixisenatide once daily vs sitagliptin once daily in Japanese patients with type 2 diabetes receiving insulin glargine U100. reductions in exposure to C-peptide, fasting glycoalbumin levels, and the gastric emptying rate were greater in the lixisenatide than in the sitagliptin group. The incidence of treatmentemergent adverse events was higher with lixisenatide (60.9%) than with sitagliptin (16.4%), with no serious events or severe hypoglycaemia reported.
| INTRODUCTION
Current evidence suggests that controlling the key metrics of blood glucose control (glycated haemoglobin [HbA1c] , fasting plasma glucose [FPG] and postprandial glucose [PPG] ) may be required to optimize outcomes in patients with type 2 diabetes (T2D). 1 Loss of postprandial glycaemic control occurs early in patients with T2D subsequent to sequential loss of glycaemic control during the nocturnal fasting period. 2 The absolute contribution that PPG makes to hyperglycaemia in T2D is generally constant at different HbA1c levels, but becomes proportionately greater than the contribution of FPG as HbA1c decreases. [2] [3] [4] Hence, targeting PPG control rather than relying on managing FPG alone may increase the opportunity for patients to meet their recommended HbA1c targets. 1, [3] [4] [5] Because targeting PPG control may mitigate the risk of diabetes-related complications, 1 
the American Association of Clinical
Endocrinologists/American College of Endocrinology and the International Diabetes Federation recommend a target level for 2-hour PPG of ≤140 mg/dL (≤7.8 mmol/L), 1, 6 and the American Diabetes Association recommend a higher target level for 2-hour PPG of ≤180 mg/dL (≤10.0 mmol/L). 7 The introduction of insulin glargine represented an advance in basal insulin therapy, because its slow release after administration from subcutaneous tissue to blood results in a relatively constant 24-hour concentration-time profile, with no pronounced peak. 8 This protracted time-action profile of insulin glargine not only allows once-daily dosing, 8 but also confers similar glycaemic control to that of NPH insulin and a lower incidence of hypoglycaemia 9, 10 ; however, therapy with insulin glargine alone does not improve PPG excursions to the same extent as it improves FPG levels. 9 More stringent control of PPG is also required to maintain good glycaemic control and delay complications.
Adjunctive incretin-related therapy with either a glucagon-like peptide-1 (GLP-1) receptor agonist or a dipeptidyl peptidase-4 (DPP-4)
inhibitor is a pharmacologically rational approach to take for patients with T2D with suboptimum glycaemic control, despite basal insulin therapy.
Endogenous incretin hormones mediate food-stimulated, glucosedependent insulin secretion that accounts for up to 60% of the insulin secretory response after ingestion of increasing oral glucose loads. 11 GLP-1 receptor agonists and DPP-4 inhibitors are, therefore, attractive candidates for improving PPG control as they supplement the attenuated incretin effect often observed in patients with T2D, without significantly increasing the risk of hypoglycaemia. [11] [12] [13] [14] Conversely, in vitro data suggest that basal insulin therapy supplementing diurnal endogenous insulin production will allow greater β-cell recovery time to optimize the postprandial incretin-induced endogenous insulin response. [15] [16] [17] Results of a proof-ofconcept study showed that further improvement in PPG control is possible when the GLP-1 receptor agonist exenatide or DPP-4 inhibitor sitagliptin was added to combination therapy with insulin glargine and metformin. inhibitors, 20, 21 as well as rationalize the beneficial non-glycaemic effects of GLP-1 receptor agonists, including suppressed gastric emptying rate, suppressed appetite, and weight loss, which are not seen routinely with DPP-4 inhibitor treatments. 22, 23 Lixisenatide is a short-acting GLP-1 receptor agonist confirmed to improve glycaemic control when taken once daily in patients with T2D as monotherapy 24 and in those insufficiently controlled on a range of antidiabetic background therapies, including metformin, a sulphonylurea, and/or insulin glargine, in combination with diet and exercise. [25] [26] [27] [28] [29] [30] Lixisenatide was associated with a pronounced improvement in postprandial hyperglycaemia compared with placebo in these studies, [25] [26] [27] 29 including studies in Asian patients exclusively. 28, 30 Further, lixisenatide had a greater postprandial effect on blood glucose levels than the longer-acting GLP-1 receptor agonist liraglutide in patients with T2D insufficiently controlled on metformin, with or without insulin glargine. 31, 32 Currently, there are no direct comparisons between the suppressive effects on PPG of short-acting GLP-1 receptor agonists and DPP-4 inhibitors, in combination with basal insulin. In the present study we compared the PPG reduction and blood glucose profile of Japanese patients with T2D who received either lixisenatide or the DPP-4 inhibitor sitagliptin adjunctive to background insulin glargine U100 (Gla-100). 
| MATERIALS AND METHODS

| Study design
| Study population
Adults aged between 20 and 75 years with T2D for at least 5 years, 
| Interventions
Patients with T2D were randomized in a 1:1 ratio to receive either lixisenatide or sitagliptin adjunctive to Gla-100 using an interactive web response system and according to a predefined randomization list. Randomization was stratified by sulphonylurea use at screening. Both groups continued with their established dosage regimen of Gla-100, which was administered subcutaneously once daily before breakfast or at bedtime. If the HbA1c level at screening was <7.5%, the Gla-100 dose was reduced by 20% at randomization; however, if the FPG level was not controlled after reducing the Gla-100 dose, it was increased to the level used at screening. The same dose and timing of administration of Gla-100 was maintained throughout the study period; however, the dose could be adjusted depending on occurrence or increased risk of hypoglycaemia. The dose of concomitant sulphonylurea therapy was reduced by ≥25% (or discontinued when the minimum dose was used) if HbA1c was <8% at randomization, providing that adequate control of FPG was achieved.
The content and frequency of diet and exercise remained unchanged from the time of provision of consent to the end of study drug administration. At baseline (day 1) and visit 5 (day 29), all participants received a standardized breakfast (68.6 g carbohydrates, 17.6 g protein, 17.6 g fat, 500 kcal in total, consumed within 10 minutes), 30 minutes after study drug administration.
| Endpoints and assessments
The primary objective of the present study was to compare the PPG reduction and blood glucose profile in patients with T2D who received either lixisenatide or sitagliptin in combination with Gla-100. The primary endpoint was the change in PPG exposure after a standardized breakfast from baseline to day 29, where PPG exposure was defined as the 4-hour period after the start of the standardized breakfast test meal area under the plasma glucose concentration-time curve (PPG AUC 0:00-4:00h ). PPG AUC 0:00-4:00h was calculated, using the linear trapezoidal rule and corrected by the pre-meal glucose concentration.
The secondary endpoints were changes from baseline to day 29 in maximum PPG excursion, plasma exposure to C-peptide (AUC 0:00-4:00h ) and glucagon (AUC 0:00-4:00h ), fasting plasma levels of 1.5-anhydro-D-glucitol (1.5-AG) and glycoalbumin, and gastric emptying rate. On days 1 and 29 (after the last dose of study medication), blood sampling for measurement of pharmacodynamic variables was performed immediately before the standardized breakfast and at 0.25, 0.5, 1, 1.5, 2, 3, 4 hours after eating. The gastric emptying rate was calculated using the 13 C acetic acid breath gas tests at specific study sites on these same study days. 
| Analysis populations
Safety analyses were performed on the intention-to-treat (ITT) population, defined as all randomized patients who received ≥1 dose of study drug. Efficacy analyses were performed on the modified ITT (mITT) population, defined as the subset of patients of the ITT population who had both a baseline measurement and ≥1 post-baseline measurement of any efficacy variables.
A pharmacodynamic population was also assessed (defined as all patients who signed the informed consent for the gastric emptying rate test, who were randomized and exposed to ≥1 dose of study drug, and who performed the gastric emptying rate test on both days 1 and 29); however, those patients whose gastric emptying measurements (t max and t 1/2b ) on days 1 or 29 could not be estimated by the appropriate statistical model because of non-convergence were excluded from the analysis of these variables.
| Statistical analysis
The primary endpoint was change in PPG AUC 0:00-4:00h after a stan- C-acetic acid concentration in breath gas during the gastric emptying rate test from baseline to day 29 between lixisenatide and sitagliptin groups. This power analysis assumed a common standard deviation of 30 minutes at a 2-sided significance level of 5%. Assuming the negative impact of dropouts, a target sample size for the gastric emptying rate test was determined to be 20 patients per group.
All efficacy, pharmacodynamic and safety data analyses were performed using descriptive statistics compiled using SAS version 9.2 or higher (SAS Institute Inc., Cary, North Carolina).
3 | RESULTS
| Patient disposition, demographics and clinical characteristics
All 136 patients randomized to the lixisenatide (n = 69) and sitagliptin (n = 67) groups received treatment, and were included in the ITT population ( Figure 1 ). All but 1 patient had baseline and ≥1 postbaseline efficacy measurements; hence, the mITT comprised 135 patients (lixisenatide, n = 69; sitagliptin, n = 66). Most patients in both the lixisenatide (67 of 69 patients) and sitagliptin (66 of 67 patients) groups completed the 28-day treatment period. Two patients from the lixisenatide group withdrew because of AEs, while 1 patient from the sitagliptin group discontinued on the patient's request (inability to complete study visits).
Baseline patient characteristics were similar for both treatment groups in the ITT population with respect to gender, age, body mass index and key blood glucose metrics ( 
| Efficacy
Treatment with lixisenatide resulted in a statistically significant decrease in PPG exposure from baseline to day 29 relative to treatment with sitagliptin ( Table 2 
| Safety and tolerability
In the lixisenatide group TEAEs were reported more frequently (42 of 69 patients, 60.9%) than in the sitagliptin group (11 of 67 patients, 16.4%; Table 3 ), although all TEAEs were mild or moderate in severity.
Gastrointestinal disorders (particularly nausea) and hypoglycaemia occurred more often in the lixisenatide group than in the sitagliptin group (Table 3) . TEAEs leading to permanent treatment discontinuation were reported in 2 patients (2.9%) in the lixisenatide group and none in the sitagliptin group. One patient in the lixisenatide group discontinued because of dysgeusia, nausea and oral hypoaesthesia, and the other discontinued because of vomiting. In addition, 1 patient (1.4%) from the lixisenatide group had mild ECG QT prolongation. No patients experienced severe hypoglycaemia, and the hypoglycaemic episodes that occurred in the lixisenatide group occurred during the daytime (Table 3) .
| DISCUSSION
In the present study involving Japanese patients with T2D treated with stable doses of Gla-100, with or without a sulphonylurea, 28 days of treatment with lixisenatide reduced PPG and maximal PPG excursion relative to sitagliptin. Consequently, a post-meal glycaemic excursion was avoided in the lixisenatide group, which was not the case in the sitagliptin group. This pronounced lowering effect of lixisenatide on PPG is consistent with observations from previous studies in Asian and white patients. [24] [25] [26] [27] [28] [29] [30] 33 Further, the PPG-lowering effect produced by lixisenatide coincided with change-from-baseline reductions in exposure to C-peptide, fasting glycoalbumin levels, and the gastric emptying rate, all of which were statistically significantly greater than that observed for sitagliptin.
The principal effects of GLP-1 receptor agonists are to induce pancreatic insulin secretion, slow gastric emptying, and suppress postprandial glucagon secretion. 15, [34] [35] [36] [37] Since increases in t max and t 1/2b of the gastric emptying rate were observed in the lixisenatide group vs the sitagliptin group, it is likely that slowing of gastric emptying was the driver for PPG reduction in this study, rather than insulinotropic effects. Indeed, greater exposure to postprandial C-peptide (and hence insulin) was observed in the sitagliptin group than in the lixisenatide group, which is consistent with the inverse association of C-peptide levels with glycaemic variability and with post-meal glucose rise in T2D (both of which were higher in the sitagliptin group). 38 In previous studies, there was a direct relationship between PPG AUC after breakfast and gastric emptying with lixisenatide 20 μg once daily, 32,39 which was not observed with placebo. 39 Similar marked improvements in postprandial glycaemic control were observed with 24 weeks of lixisenatide in 2 randomized, placebocontrolled studies of Asian patients with T2D inadequately controlled on metformin or basal insulin, with or without a sulphonylurea. 28, 30 Our data thus lend support to the theory that incretin-based therapies (and GLP-1 receptor agonists in particular) appear well-suited for use in Asian and Japanese patients with T2D, 28, 30 as these populations are predisposed to insulin deficiency rather than insulin resistance, which may manifest via a profound underlying GLP-1 insufficiency. 40 The findings of the present study are also consistent with studies in Western patients with T2D inadequately controlled on metformin or on optimized Gla-100, as once-daily pre-breakfast lixisenatide was associated with significantly greater reductions in PPG, postprandial C-peptide, and postprandial glucagon relative to pre-breakfast liraglutide. 31, 32 Gastric emptying was also substantially slower in the lixisenatide than the liraglutide study group. 31, 32 Statistically significant change-from-baseline reductions in exposure to fasting glycoalbumin levels with lixisenatide vs sitagliptin were not accompanied by similar changes in 1.5-AG. Glycoalbumin reflects the proportion of glycated albumin to total serum albumin and is informative of blood glucose control over the preceding 3 weeks, whereas 1.5-AG is a marker of glycaemia-induced glycosuria, and thus is informative of high glycaemic variability over the hour-to-day time frame. It is possible that the duration of action of lixisenatide administered before breakfast was not long enough to address PPG rise after lunch and dinner, and this phenomenon was captured by analysis of 1.5-AG levels only.
Both lixisenatide and sitagliptin were well tolerated in the present study. Gastrointestinal disorders and hypoglycaemia occurred with greater frequency in the lixisenatide than the sitagliptin group.
No new lixisenatide safety signals were identified.
The main limitations of the present study were the relatively small sample size, lack of double blinding associated with the openlabel design, and brevity. While sitagliptin 50 mg/d is the standard initial dosage in Japan, which is increased to 100 mg/d in patients poorly controlled on the lower dosage, the present study was not conducted over a sufficiently long time frame to make this decision. In conclusion, at the doses tested, combined therapy of lixisenatide with Gla-100 showed greater efficacy, as indicated by a significant reduction in PPG rise, than combined therapy of sitagliptin with Gla-100. These data support the use of lixisenatide to address PPG excursions when correction of PPG is insufficient with long-acting insulin. An event during which someone else's help was required to administer glucose or glucagon or perform other emergency medical treatments. Severe hypoglycaemia presents with acute neurological impairment resulting in seizure, unconsciousness or coma directly resulting from the hypoglycaemic event.
d An event which was associated with typical hypoglycaemic symptoms with an accompanying plasma glucose 70 mg/dL (≤3.9 mmol/L).
e An event which was not associated with typical hypoglycaemic symptoms with an accompanying plasma glucose 70 mg/dL (≤3.9 mmol/L).
f Two definitions were used to determine the incidence of nocturnal hypoglycaemia based on time of day and sleep status. Nocturnal hypoglycaemia was defined as an event that: (1) occurred from 12:00 AM until 5:59 AM (whether the event occurred when the subject was awake, or if the event woke the subject, did not need to be taken into account); and (2) woke patients spanning from the time of sleep in the night until the time of wake-up in the morning (before administering insulin).
g A hypoglycaemic event which occurred from 6:00 AM until 23:59 PM.
